ABSTRACT. The structural relations of solid solutions in the series (Srl _~,Bax)Al204 were studied using room-and high-temperature X-ray methods, infra-red spectroscopy, and DTA. At room temperature, SrA1204 and solid solutions with x up to 0.31 are monoclinic, between x = 0.31 and 0.43 monoclinic and hexagonal forms coexist, and between x = 0.43 and 1.0 only hexagonal forms occur. On heating, a member of the monoclinic series of solid solutions transforms to hexagonal symmetry over a range of temperature within which both monoclinic and hexagonal forms coexist. The proportion of the hexagonal form increases instantaneously as the temperature is raised. The transformation temperature decreases with increasing BaA1204 in solid solution and, in addition, the temperature width of the region of coexistence is markedly enlarged. SrA1204 transforms over the range 665-705 ~ and (Sro.TBao.3)A1204 over 170-405 ~ The DTA trace for Srml204 shows a peak at 677 ~ On cooling, the transformations show hysteresis of 15 to 25 ~ The coexisting monoclinic and hexagonal forms are believed to be isochemical, and discontinuities in cell parameters occur within the region of coexistence both in the compositional series at room temperature and in the elevated temperature transformation experiments. The low-to-high transformation is accompanied by a volume change of -0.2 to -0.3 ~, and is believed to be first-order displacive with additional characteristics similar to those of martensitic transformations.
170-405 ~ The DTA trace for Srml204 shows a peak at 677 ~ On cooling, the transformations show hysteresis of 15 to 25 ~ The coexisting monoclinic and hexagonal forms are believed to be isochemical, and discontinuities in cell parameters occur within the region of coexistence both in the compositional series at room temperature and in the elevated temperature transformation experiments. The low-to-high transformation is accompanied by a volume change of -0.2 to -0.3 ~, and is believed to be first-order displacive with additional characteristics similar to those of martensitic transformations.
The thermal expansion behaviour of structures in the (Sr,Ba)AlzO , series indicates that two tilt systems are operative: co-operative rotation of tetrahedra about the c-axis, and tilting of tetrahedra relative to the 0001 plane.
The results for the (Sr,Ba)AI204 series are shown to be invaluable in reinterpreting the structural behaviour of members of the nepheline and leucite groups of minerals.
A s a continuation of our studies of the structural and thermal expansion behaviour of framework silicates we have chosen to study members of the nepheline family (Megaw, 1973) . This family contains natural minerals and synthetic compounds, all hettotypes of an aristotype based on the ideal-* Present address: 15 Leigh Road, Congleton, Cheshire CW12 2EG.
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ized, hexagonal high-tridymite linkage described by Gibbs (1927) . Thus the aristotype has equal-sized hexagonal cavities formed by six-membered rings of tetrahedra. In kalsilite-like hettotypes these cavities remain substantially equal-sized, although distortions of the rings and tilting of the tetrahedra may reduce their size. In nepheline the distortions required by the much smaller radius of one of the cavity cations are so great that two sizes of cavity are produced ( fig. 1 ).
We chose to begin our study with the alkali-earth aluminates of general composition MA120 4, where M = Ca, Sr, or Ba. Our choice was based on the facts that these compounds have simple framework compositions (A1 is the only framework cation) and that they are kalsilite-like hettotypes with essentially equal-sized cavities. BaA120 4 has a hexagonal structure but CaA1204 and SrAlzO 4 have monoclinic structures (Dougill, 1957; H6rkner and Miiller-Buschbaum, 1976; Hanic et al., 1979; Schulze and M/iller-Buschbaum, 1981) . Ito et al. (1977a, b) have reported a reversible transition in SrA1204 at 650 ~ from a monoclinic form to a hexagonal form which is structurally identical to BaA1204; they also reported complete solid solution between SrA1204 and BaA1204. The temperature of the monoclinic-hexagonal transition /// ,,,/' /'/ FIG. 1. Projections on 0001 of one layer of tetrahedra of the frameworks of idealized high-tridymite (left) and nepheline (right). Note the two types of cavity occurring in the nepheline framework.
decreases as Ba replaces Sr until at about Sro.6Bao.4 AlzO 4 the transformation occurs at room temperature. Unfortunately, the monoclinic unit cell used by Ito et al. (1977a, b) is now known to be incorrect (Hanic et al., 1979; Schulze and Miiller-Buschbaum, 1981) . A. P. Henderson (1978) has also detected a reversible structural change between 650 °C and 680°C by Guinier X-ray and DTA studies; the latter showed hysteresis. BaA120 4 shows superstructure reflections (Perrotta and Smith, 1968; H6rkner and M/illerBuschbaum, 1979) which require a supercell with a doubled a-axis. Structures have been reported for the sub-cell of BaAI204 (Do Dinh and Bertaut, 1965; Uchikawa and Tsukiyama, 1966; Perrotta and Smith, 1968 ) and H6rkner and MiillerBuschbaum (1979) have refined the structure of the supercell. According to Megaw (1973, fig. 12 .14) the common structural distortion of the kalsilitelike hettotypes of the nepheline family is a cooperative rotation of the framework tetrahedra about the threefold axes which lie parallel to the c-axis of the structure, thereby reducing the cavity size. Megaw (1973) did not consider tilting of the tetrahedra relative to the 0001 plane. Indeed, the space groups and atomic positions for the structures of kalsilite and BaAI20 4 known at that date preclude tilting of the tetrahedra relative to the 000l plane. The superstructure of BaA120 4 does not have these limitations and H6rkner and MiillerBuschbaum (1979) found such tilting for all tetrahedra except those on the triad axes of the structure ( fig. 2 ). It thus seems likely that there are two modes of co-operative tilting of the framework tetrahedra in the kalsilite-like hettotypes which should be reflected in changes in the structure due to thermal expansion and solid solution.
The structure of SrA120 4 has been refined by Schulze and Miiller-Buschbaum (1981) and is strikingly similar to that of BaA120 4. The principal difference, apart from the lower symmetry, is that in SrA120 4 all the tetrahedra are tilted in addition to the co-operative rotation about the c axis ( fig.  2 ). In the second setting of the monoclinic system to which the structure of SrA1204 belongs there is a choice over the labelling of the a-and c-axes. In view of the need in this paper to make comparisons between SrA120 4 and BaAI204 we prefer the unit cell chosen by Hanic et al. (1979) , which gives the approximate relationships between the structures: am = ah,bm = x/3bh, and Cm = Ch (subscripts m and h will be used throughout this paper to refer to the monoclinic and hexagonal cells respectively).
The structural behaviour of the SrA120 4-BaA120 ~ solid solution series appears to be complicated and should be of considerable help in understanding the structural behaviour of framework structures. There are likely to be two modes of co-operative tilting of tetrahedra as well as a reversible monoclinic-hexagonal phase transformation.
Experimental techniques
The (Sr,Ba)A120 4 solid solutions and end members were prepared by mixing the appropriate amounts of Specpure* BaCO 3 and SrCO a and AR-grade AI(NO3) 3. 9H20, heating the mixture in a platinum crucible at 1400 ~ for 4 h, grinding the product in an agate mortar under acetone and heating again at 1400 ~ for 5 h. Compositions in the range Sro.TBao.3Al20 4 to Sro.rBao. 4 A120 4 were ground and heated at 1400 ~ for 6 h two more times. The yield was checked gravimetrically and in all cases was within 0.1 ~ of the expected weight. Products were examined for impurities by powder X-ray diffraction and optical microscopy.
Cell parameters were determined from powder X-ray diffraction patterns by the method of least squares using quartz as internal standard (a = 4.9127, c = 5.4044A). Between 11 and 19 reflections were used to determine the monoclinic cell parameters and between 9 and 15 reflections for the hexagonal cell parameters. Although BaA120 4 has a superstructure with a doubled a-axis we have chosen to report the cell parameters of BaA120 4 and the hexagonal (Sr,Ba)AI20 4 solid solutions in terms of the sub-cell. The indexing was based on the data of Perrotta (1965) and ASTM card 17-306 for BaAI204, and on the data of Hanic et al. (1979) for SrAl20 4 and the monoclinic solid solutions. The cell parameters at elevated temperatures were determined by the method * Specpure is the trademark of Johnson Matthey Ltd. described in Henderson and Taylor (1975) using the X-ray reflections from the platinum specimen holder as the internal standard.
Infra-red spectra were recorded on a Perkin Elmer 577 double-beam grating spectrometer by the alkali-halide disc method (1.3 mg of specimen to 200 mg of KBr). For sharp absorption bands the reported wavenumbers are within + 2 crn-1 and for broad absorption bands within +5 cm -1.
DTA was carried out using a Stanton Redcroft DTA673 4 apparatus. The experimental conditions were: alumina as reference material, heating rate 10 ~ in static air, specimen weight between 70 and 100 mg, amplifier sensitivity 20/~V. Quartz was used to calibrate the temperature scale.
Results
Sr AlzO 4-BaAlzO 4 solid solution series (Sr 1 _ xBa~ A1204) at room temperature. The SrAlzO 4-BaA120 4 system has a region at the Sr-rich end in which a monoclinic and a hexagonal form apparently coexist at room temperature. As Sr replaces Ba in BaA1204 the monoclinic solid solution first appears with the hexagonal solid solution when x = 0.43_0.01. For compositions richer in Sr the characteristic 112 and 112 X-ray reflections of the monoclinic solid solution, at ~ 2.98 and 3.14 ,A, respectively, appear either side of the 102 reflection of the hexagonal solid solution which, in turn, overlaps the 022 reflection of the monoclinic solid solution. As Ba replaces Sr in SrAlzO~, the first occurrence of the hexagonal solid solution with the monoclinic solid solution, when x = 0.31 +0.01, was found by noting the first significant reduction in the 112m/(102h + 022m) X-ray peakheight ratio ( fig. 3 ). Thus monoclinic and hexagonal solid solutions coexist between 0.31 and 0.43 mole et al. (1977a, b) because their monoclinic unit cell is incorrect and they only report their cell parameters to two significant places.
The relationships between the cell parameters and mole fraction of BaAlzO4 were fitted by least squares to an empirical quadratic equation, y = a + bx + cx 2. However, with the exception of a and B for the monoclinic solid solutions the data better fitted a linear equation. The regression data are given in Table IlL Extrapolation of the cell parameters for both solid solutions into the region of coexistence shows that there are small but significant displacements between these trends for each parameter. This is particularly well shown for the a and b parameters in fig. 5 . At the centre of the field of coexistence the difference between the parameters of the monoclinic and hexagonal forms are: Aa--0.29%, Ab+0.23%, Ac--0.14%, and AVm-0.24 %. Unfortunately it was impracticable to determine the cell parameters of either form within the region of coexistence when more than about 10 % of the other form was present, because of the apparent volume difference and the numerous overlapping X-ray reflections. Infra-red spectra for SrA120 4 and BaAI204 are shown in fig. 6 and the positions of the absorption bands are given in Table IV with data for the monoclinic and hexagonal solid solution series. There is broad agreement with the spectra reported by Schroeder and Lyons (1966) and Kolesova (1961) for BaA120 4 and by Henning (1968) for BaA120 4 and SrAI20 4. The absorption bands group into three sets which are assigned empirically (see also Henning, 1968) as follows:
500-700 cm 60 A1-O 300-500 cm 1
The monoclinic solid-solution series have more bands in each set than the hexagonal solid-solution series. There is also a trend to loss of subsidiary bands and a broadening of absorption bands as composition changes away from both end members (cf. sodalite solid solutions, Henderson and Taylor, 1977) . The principal absorption bands which occur throughout the compositional range are shown underlined in if any, change in the positions of most of the absorption bands, but there is an apparent discontinuity in band position between the hexagonal and monoclinic solid-solution series. The only definite trend is an increase in the wavenumber of the 800 cm-1 absorption band of the hexagonal solid-solution series with increasing mole fraction of BaA1204 and increasing molar volume. The lack of significant variation in wavenumbers implies there is no major change in bond distances and angles within the framework for the solid-solution series.
The monoclinic-hexa9onal transformation in the (Sr,Ba)AlzO 4 solid-solution series. Members of the Sr 1 _xBaxA1204 solid-solution series, with x ~< 0.3, transform at elevated temperatures from a monoclinic to a hexagonal form, which is structurally identical to BaAI204. The transformation temperature decreases as the Ba content increases (cf. Ito et al., 1977b; A. P. Henderson, 1978) . Table   IV . Infrared spectra for members of the (Sr, Ba)A1204 solid-solution series (identification numbers as in Tables I and If) . Wave numbers are in cm-1. 376w sh 376wsh 365rash s = strong, m = moderate, w = weak, shp = sharp, b = broad, sh = shoulder. The transformation of SrA120 4 was studied in detail by monitoring the changes in position and intensity of the 112m, 022 m and 112 m X-ray reflections of the monoclinic form and the 102 h reflection of the hexagonal form as the temperature was increased in steps of 5 to 10 ~ Over a range of 40 ~ the reflections of both forms were present in the X-ray diffraction pattern. On heating, the two forms coexist from 665 to 705 ~ and from 695 to 655 ~ cooling (fig. 7) ; the hysteresis is about 15~ The positions of the reflections changed smoothly over the temperature range studied ( fig.  8 ). The 112 m and 112 m reflections did not coalesce as the transformation took place to give the single 102h reflection but gradually disappeared, whilst the combined 022m+ 102h reflection increased in intensity. There is, therefore, no continuity between the two forms but instead a discrete change occurs. Equilibrium was reached very quickly for each temperature step (probably instantaneously) because we were unable to detect any changes in the positions or intensities of the peaks with time, and the intensities and 20 values were reproducible over three heating and cooling cycles. The above behaviour is not unusual and has been reported for several compounds including cristobalite (Leadbetter and Wright, 1976) , zirconia (Wolten, 1963) , and NH,C1 (Dinichert, 1944) .
The transformation behaviour of the monoclinic solid-solution series was not studied in the same detail as for SrA1204. However, the region of coexistence and the hysteresis were established by following the changes in intensity of the 112m, 112m, 022m and 102h reflections; as for SrA120, the changes were apparently instantaneous for each temperature. Although the hysteresis was substantially the same, 15 to 20 ~ the temperature range over which the monoclinic and hexagonal forms coexisted was much greater and increased with increasing Ba content ( fig. 7) , reaching a maximum of 235~ for Sro.vBao.aA1204. In such circumstances it was impracticable to define a single transformation temperature. Instead the lower (TL) and upper temperature (Tu) limits of the region of coexistence were determined (Table V) . Ito et al. (1977b) did not report the presence of a region of coexistence at room temperature or at elevated temperatures for the SrA1204-BaA120 , system. However, as part of an honours year project, I. F. Mackay at Aberdeen University (reported by A. P. Henderson, 1978) We have already deduced that the monoclinic and hexagonal forms coexisting at room temperature in the solid solution series with between 0.31 and 0.43 mole fraction BaAlzO 4 must have the same compositions. End-member SrA120 4 and monoclinic solid solutions show a similar region of coexistence at elevated temperatures within which there is instantaneous equilibration between monoclinic and hexagonal forms for each increase in temperature. There can be little doubt that the two forms present in SrAI204 at elevated temperature must be isochemical and, by analogy, those in the solid solutions should also have identical compositions.
.l_J The DTA run for SrAI20 4 was completely consistent with the X-ray data. On heating there was a single sharp endothermic peak with a characteristic temperature of 677 ~ On cooling, the characteristic temperature was 662~ giving a hysteresis of 15 ~ as in the X-ray data. The DTA peak was two to three times as broad as that of the quartz used for temperature calibration, and this is consistent with the 'smeared' nature of the transformation. The DTA run for Sro.95Bao.os A120 4 gave a much broader endotherm of reduced height ( fig. 9 ) consistent with the greater range of transformation temperature. Despite the broadening, the area under the peak was approximately the same as that for SrA120,. A crude estimate of the heat of transition for SrAI204, taking 4.8 cal/g for the ~-fl transition of quartz (Kelley, 1960) , was 6.4 cal/g. This estimate is larger than that found by Ito et al. (1977a) using differential scanning calorimetry (DSC) I-2.3 cal/g] hut these authors do not quote the value they adopted for the ~-fl quartz transition. The DTA run on the only other specimen examined, Sro.TBao.3AlzO4, did not reveal any peaks but there were slight inflections at 250 and 300 ~ It is presumed that in this case the transformation is no longer detectable by DTA due to it being spread over 235 ~ Ito et al. (1977a, b) did not report any hysteresis in the transformation temperature for either DTA or DSC runs on the monoclinic solid solutions and, with the exception of SrA1204, their transformation temperatures are between TL and T u (Table V) . Neither did they report broadening of the DTA or DSC peaks with increasing substitution of Ba in SrA1204. However, the decrease in their heats of transition could be due to the spreading of the transformation over an increasing temperature range as Ba replaces Sr. Tables I and II and shown in fig. 10 . Oehschlegel et al. (1974) determined the cell parameters of BaA120, at elevated temperatures but their expansion curves were not reversible because of reaction between the BaAI204 and admixed silica glass, and hence some of their hightemperature data must be unreliable. The cell parameters of Ito et al. (1977a) for SrA1204 at 700~ a = 5.14 and c = 8.47 •, are within 0.01/k of our values.
Thermal expansion behaviour of the (Sr,Ba)AIEO 4 solid solution series. Cell parameters for members of the solid-solution series at elevated temperatures are given in
The expansion curves for BaAI204 show a gradually increasing rate of expansion for the a-axis and a gradually decreasing rate of expansion for the c-axis. Sro.lBa0.9A1204 shows similar thermal expansion behaviour. The axial expansions of the remaining hexagonal solid solutions show either an increasing or constant rate. Data for expansion curves fitted to an equation of the type y = Yo (l+aT+bT 2) for the hexagonal solid-solution series are given in Table VI with calculated mean expansion coefficients. We do not suggest that the thermal expansion curves have an exact quadratic form but our experience is that quadratic curves generally give a very close fit to the observations (Henderson and Taylor, 1978) . In addition, normalization to the cell edge at 0~ allows direct comparison of regression data for different samples. The expansion coefficients for the a-axes show no definite trend as a function of composition, whereas those for the c-axes show a marked decrease as the mole fraction of BaA1204 is increased. The expansion curves for monoclinic SrA120 4 differ from other members of the monoclinic solidsolution series. Its a-axis increases until about 500 ~ decreases, and then decreases sharply just before the transformation is initiated. The a-axes of the other monoclinic solid solutions tend to show constant or slightly decreasing rates of expansion. The b-axes of all the monoclinic series show an increasing rate of expansion. The c-axis of monoclinic SrA120 4 shows a decreasing rate of expansion, whereas those of the other monoclinic solid-solution series show an increasing rate. The angle fl decreases at an increasing rate but in no case does it decrease below 92 ~ before the transformation begins.
The cell parameter trends show discontinuities associated with the transformation of the monoclinic to hexagonal forms. The discontinuities are characterized by decreases in a, c, Vm, and fl (to 90 ~ and increases in b ( fig. 10) . Extrapolation of the molar volumes of the monoclinic and hexagonal forms into the region of coexistence ( fig. 10 ) for the different composition samples indicates volume discontinuities of between -0.2 and -0.3 ~ The size of the volume discontinuities and the sense of the changes for the other cell parameters are similar to those found for the transformation in the compositional series at room temperature (see before). The presence of these discontinuities is highly significant as they indicate that the transformation is first order. 
Discussion
The monoclinic-hexagonal transformation. The similar structures of BaA120 4 (Htrkner and Mfiller-Buschbaum, 1979) and SrA1204 (Schulze and Miiller-Buschbaum, 1981) indicate that the transformation can take place without the rupture of bonds ( fig. 2) . It merely requires co-operative changes in the tilting of the tetrahedra coupled with a change in the angle fl to 90 ~ Such atomic changes accompanying a structural transformation in a framework structure would ordinarily define the transformation as displacive. However, the thermal hysteresis, the coexistence of the low-and high-temperature forms over a considerable range of temperature, and the apparent lack of a compositional difference between the two forms give the transformation additional characteristics similar to those of martensitic transformations in metals. Thus the transformation takes place with a volume discontinuity and a marked anisotropy of shape change which together generate the elastic strain and strain energy associated with martensitic transformations. At high temperatures the transformation is athermal; that is, once the temperature for the start of the transformation is reached, it only takes place when the temperature is changing. If the temperature is held constant part way through the transformation then an equilibrium proportion of the two forms is achieved virtually instantaneously. Identical behaviour has been described for the monoclinic-tetragonal transformations in zirconia and hafnia (Wolten, 1963) . The reason for the athermal nature of the transformation is that the transformation starts with a transformed nucleus which is coherent with the host crystal. As the transformed region grows the volume and shape changes produce strains which oppose the progress of the transformation and stop it before it is complete. A further change in temperature provides sufficient energy for the transformation to proceed further until a new equilibrium is achieved, and so on until the whole crystal has transformed. Thus in addition to the conventional variables of temperature and pressure, strain energy is an extra variable for transformations of this type. This additional degree of freedom explains the apparent violation of the phase rule by the presence of the region of coexistence. Since the present samples were in powder form it is also likely that particle size and surface energy contribute to the athermal nature of the transformation.
The fact that the temperature ranges over which the transformations occur increase with increasing Ba content ( Table V ) may indicate that the presence of greater proportions of large Ba ions increases the degree of strain in the structure.
At room temperature, for compositions within the region of coexistence, the transformation appears to take place isothermally, perhaps implying a diffusion process. However, due to the fact that the parameters of the monoclinic form remain constant during the transformation at room temperature and the probability that thermallyactivated diffusion would proceed at an insignificant rate at room temperature, some other mechanism for this behaviour should be sought. It is possible that the transformation is activated by interaction between the strained crystallites and adsorbed moisture in the same way that moisture has a marked influence on the fracture behaviour, causing enhanced crack propagation, of brittle oxide ceramics and glasses (Weiderhorn, 1974) .
There are relatively few well-documented transformations of this type for non-metallic compounds. Those for which the experimental evidence is reasonably unambiguous include: zirconia and hafnia (Wolten, 1963) , cristobalite and A1PO4 (Leadbetter and Wright, 1976) , BaTiO 3 (Megaw, 1947; Kay and Vousden, 1949) , NH4C1 (Dinichert, 1944) , KH2PO , (Kobayashi et al., 1970) and WO 5 (Ackermann and Sorrell, 1970) .
The comment was made earlier that the field of coexistence should not be present in a phase diagram such as that of fig. 11 . This statement is of such importance with regard to phase diagrams that it is worth quoting Wolten (1963) . 'One important consequence of the diffusionless character of a phase transformation [-such fig. 11 but a region on the diagram where the monoclinichexagonal transformation is smeared out. Other binary systems to which Wolten's last sentence applies are those with Ca2SiO 4 as an end member. Hazen (1977) has suggested that some transformations are dimensionally controlled to the extent that they take place at a critical size of the A T = average of temperature range of coexistence for he~ting and cooling cycles.
T L -temperature, on heating, of appearance of detectable hexagonal form with monoclinte form.
T U = temperature, on cooling, of appearance of detectable mo~oclinic form wtth hexagonal form.
* Figures in brackets are esthnated errors (~).
structure whether caused by pressure, temperature or composition. This is not the case with the present transformation since the molar volumes at both T U and TL (Table V) increase with increasing mole fraction of BaA1204. Thermal expansion behaviour. Our interpretation of the thermal expansion behaviour of framework structures is based on the following assumptions: (1) That at room temperature few framework structures exist in an idealized, fully-expanded state, but rather are partially-collapsed and distorted versions of such a structure. (2) That the collapse and distortion is largely brought about by the co-operative tilting and partial rotation of the framework tetrahedra, sometimes with more than one tilt system in operation. The degree of collapse and distortion is strongly influenced by the presence and size of cavity ions. (3) That there is little, if any, expansion of the framework bonds and that any significant expansion of the whole structure or any particular direction is largely due to the gradual removal of the co-operative tilting towards the idealized fully-expanded structure. (4) That the expansion drops to a relatively low rate when the fully-expanded state is achieved or when further removal of tilting for the whole structure or for a particular direction is no longer possible. We are uncertain as to whether the expansion of the cavity ion-framework bonds is the driving force for the removal of the tilting or whether the bonding forces act as a restraint.
For tilting models the idealized relationship between a cell parameter and a framework dimension, for example the tetrahedron edge, generally includes the cosine of the tilt angle, ~o (Taylor, 1972) . Depending on whether tp is large or small the same change in q~ over a given range of temperature will have a large or small effect, respectively, on the cell parameter (Henderson and Taylor, 1978; Dempsey and Taylor, 1980) . Hence the expansion coefficient for a more-collapsed framework (higher r will be higher than that for a less-collapsed framework (lower q~).
The relatively high expansion of the a-and c-axes of the hexagonal forms of the (Sr,Ba)AI20 4 solidsolution series indicate that the two tilt systems, identified in the introduction, are operative. Except for BaA120 4 between 500 and 750 ~ the expansion coefficients for c are greater than those for a (Table  VI) . This is evidence that the second tilting system (tilting of the tetrahedra relative to the 0001 plane) is operational since operation of only the first tilt system (co-operative rotation of tetrahedra about the threefold axes which lie parallel to the triad axes of the structure) should only affect the a and b axes. The mean linear expansion coefficients (500-700 ~ for the c-axis of the hexagonal solid solutions (Table VI) decrease as the mean cavity cation radius or the molar volume increase. We attribute this to the effect of the cosine of the tilt angle (second tilting system), as described above. The decreasing rate of expansion of the c-axes of Sro.2Bao.8A1204 and BaA1204 with increasing temperature suggests that for these compositions the removal of the second tilt system is approaching its limit. In contrast, the mean linear expansion coefficients (0-500~ and 500-700~
for the a-axes show no definite trend for the Sr-rich members, but show an increase for the Ba-rich members as the mean cavity cation radius or the molar volume increases. There is no obvious explanation for this unexpected behaviour, but it may result from distortion of the framework tetrahedra.
Temperature and composition as analogous variables. Recently, the broad similarities in the structural behaviour of framework structures when subject to increasing pressure, decreasing temperature or decreasing size of cavity ion have received particular attention (Hazen, 1977) . Despite the fact that pressure, temperature, and composition are independent variables the similar effects they have on structural behaviour have lead to an implication that they are somewhat more than analogous. For example, d 'Amour et al. (1979) show a diagram (their fig. 4 ) with P and T on the same axis, and with the P and T scales adjusted to give an apparent continuity to the change in the dependent variable, the quartz tilt angle, between the two independent variables. Not only is this a misleading form of presentation, in that P and T should not appear on the same axis, but the intention of the diagram to show that the effect of P and T on the tilt angle is analogous is incorrect. Levien et al. (1980) have since shown (their fig. 10 ) that different structural changes cause the volume change for increased T or P. This implies that attempts to equate changes in structure brought about by pressure, temperature or composition should be undertaken with caution. The problem is generally the selection of a suitable parameter to which the structural changes can be related. Ideally, it should be a parameter which is indicative of the structural state, such as a tilt angle, and preferably not a structural dimension, which can be seriously affected by thermal motion.
The present work comprises a compositional and thermal-expansion study of the (Sr,Ba)A1204 solidsolution series and so it is pertinent to analyse the structural behaviour with reference to temperature and composition. Unfortunately, in the absence of an ideal parameter to characterize the structural state we have had to show the changes in the crystallographic axes as a function of molar volume Tables I and II. ( fig. 12 ). For the c-axis data there is a similarity of behaviour as regards temperature and composition except for Ba-rich compositions for which the trend with increasing temperature falls below the compositional trend. The a-and b-axes of SrA120 4 ( 9 show a distinctly different trend with temperature relative to that for composition. Unfortunately, the precision of the cell parameters for the remaining monoclinic structures is insufficient to say whether the trends for temperature are different from those for composition. The a-axes of the hexagonal structures show a similarity ofbehaviour as regards temperature and composition except for Ba-rich members for which the trend with increasing T lies above that for changing composition.
Conclusions and application to silicate minerals
The structural relations, thermal expansion behaviour, and characteristics of the transformation in the (Sr,Ba)A1204 system should have a wider significance in the study of the nepheline family as a whole. Although the (Sr,Ba)A1204 series are relatively undistorted kalsilite-like hettotypes, the broad similarity between their structural behaviour and that of the more distorted nepheline minerals could help solve various problems encountered during the study of natural nephelines and synthetic NaAISiO4(Ne)-KAISiO4(Ks) solid solutions.
The relatively large changes in the a-and c-axes of the hexagonal (Sr,Ba)A120 4 solid solutions as a function of temperature and composition, coupled with the direct evidence from the structure of BaA1204, are taken to indicate the presence and operation of the two tilt systems outlined in the introduction. Similar large changes in a and c are seen for nepheline and kalsilite as a function of composition (Smith and Tuttle, 1957; Ferry and Blencoe, 1978) and for nepheline as a function of temperature (Sahama, 1962; Foreman and Peacor, 1970; Henderson and Roux, 1976) . However, the space groups adopted for both nepheline and kalsilite do not permit the second tilt system (tilting of the tetrahedra relative to the 0001 plane); nor indeed does the space group adopted for the sub-cell of BaA1204. It is now known that the latter structure is an 'average' of a superstructure in which both tilt systems were in operation for the majority of the tetrahedra. The presence of superstructure reflections in nepheline and kalsilite (Parker and McConnell, 1971; Perrotta and Smith, 1965 ) and the problems encountered in refining their structures (Perrotta and Smith, 1965; Dollase, 1970; Foreman and Peacor, 1970; Simmons and Peacor, 1972) suggest that these also may be 'averaged structures'. In fact their real structures may be superstructures possessing both tilt systems. In this context it is relevant to note that high-tridymite, which is the basis of the framework of nepheline and kalsilite, probably does not have the ideal structure proposed by Gibbs (1927) but has tilted tetrahedra giving a mean Si-O distance of 1.607/~ and Si-O-Si angles ranging from 147 to 152 ~ (Kihara, 1978) .
The monoclinic-hexagonal transformation in the (Sr,Ba)A120 4 solid-solution series is only the second report of a transformation in a tetrahedral framework structure with martensitic characteristics; the first was for cristobalite (Leadbetter and Wright, 1976) . For cristobalite and SrA120 4 there can be little doubt that the coexisting forms are of identical composition. For the region of coexistence within the SrA1204-BaA1204 system it is important to establish that the coexisting forms are also of identical composition. That is, that the transformation is not a diffusional transformation with the coexisting forms having different Sr/Ba ratios. The evidence for identical compositions is indirect but reasonably unequivocal and is based on (i) the lack of a change in the 20 values for the 112 m and 11~ m reflections as the proportion of the monoclinic and hexagonal phases changes as a function of time at room temperature, (ii) the B is the correla~ien coefficient and SE the standard error of the estimate; o4-1 and ~2 are calculated mean expansion coefficients for the temperature ranges 0-500~ and 500-750~ respectively. apparent instantaneous achievement of the equilibrium ratio of the two forms at a given temperature within the region of coexistence, (iii) the lack of any change in the 20 values of the X-ray reflections as a function of time within the region of coexistence at a given temperature, and (iv) the continuation of the trend of the A20(112-11~) term across the region of coexistence as a function of composition at room temperature ( fig. 4) . In the lack of any evidence to the contrary we therefore assume that the coexisting phases are isochemical and that members of the (Sr,Ba)A120 4 solid-solution series show exactly the same type of transformation as SrA120 4 and cristobalite.
Nepheline solid solutions in the system Ne-Ks with < 2.5 mole ~o Ks (sub-potassic nephelines) show at least two inversions which have been characterized using high-temperature X-ray methods (Henderson and Roux, 1977) and DSC (Henderson and Thompson, 1980) . Pure-Na nephelines (NaA1SiO4) usually consist of two phases at room-temperature; one is believed to be metastable having an orthorhombic superstructure with a tripled c axis and the other is believed to be the stable, low-temperature form having 'lowsymmetry'. These pure-Na nephelines have two DSC peaks below 200~ The peak at ~ 150~ was correlated with transformation of the metastable phase to hexagonal symmetry and the peak at ~ 190~ with transformation of the stable, 'low-symmetry' phase to hexagonal symmetry. Both inversions are smeared out over about 20 to 30 ~ within which temperature ranges the proportion of phases rapidly equilibrated after each increase in temperature. Thus the transformations are athermal, reversible and show ~ 30~ hysteresis.
Pure-Na nepheline shows another transformation which is initiated at ~ 880 ~ and is smeared out over about 100 ~ The proportions of phases change rather less rapidly at a given temperature than the lower temperature transformations but the high-temperature transformation is again reversible with about 20 ~ hysteresis.
There is little doubt that the phases observed during the above inversions are isochemical (NaA1SiO4) and there are close similarities with the transformation behaviour for SrA120 4. The structures of the stable, low-temperature (< 190 ~ 'low-symmetry' nepheline and the hightemperature form (> 950~ are not known but we can now predict an anisotropy of shape change for each of the transformations. In fact, pseudohexagonal cell parameters for the stable, lowtemperature, 'low-symmetry' phase and for the high-temperature form can be used to estimate volume changes occurring at the appropriate transformations. The low-symmetry to hexagonal transformation at ~ 190 oc has a AV of -0.3 to -0.4 ~o while the high-temperature transformation has a AV of + 1.0~. The senses of these values are consistent with the pressure dependence of the transformations determined by DTA (Cohen and Klement, 1976) . The AV for the low-symmetry to hexagonal transformation is remarkably similar to that for the SrA1204 transformation with which it can be correlated. The implications are that the nepheline inversions are first order and that it may be possible to model the structure of the stable, low-temperature NaA1SiO4 phase using the structure of monodinic SrA1204.
The leucite group of minerals (MA1Si206; M = K, Rb, Cs) because of their volume discontinuity and anisotropy of shape change at the tetragonal/ cubic inversion, might also be expected to show the same type of transformation as the (Sr,Ba)AI204 series. The thermal expansion of the leucite minerals has been studied by Sadanaga and Ozawa (1968) , Taylor and Henderson (1968) , Peacor (1968) , and Hirao et al. (1976) and none of these authors reported anything unusual about the transformation. Indeed, Sadanaga and Ozawa found that the (400, 040) and 004 X-ray reflections of the tetragonal phase gradually coalesced to give the single 400 reflection of the cubic phase and Peacor reported similar behaviour for the (800, 080); 008 doublet. Taylor and Henderson (1968) also used the coalescence of 400/004 to determine the transformation temperature. The implication is that the transformation is second order (Pankratz, 1968) . We have re-examined our powder X-ray diffraction charts for the leucites and find that the (400, 040) and 004 peaks do gradually coalesce for the natural leucite examined, but for the synthetic leucite, KA1Si206, the tetragonal and cubic phases clearly coexisted over a temperature range of at least 30 ~ The inversion temperature quoted by Taylor and Henderson (1968) for the latter mineral corresponds to the upper temperature limit for the region of coexistence. Preliminary work on synthetic and natural silica-rich leucites (Henderson, 1981) confirms this effect. For a synthetic leucite of composition (KA1Si206)vo(KA1Si308)30 tetragonal and cubic phases coexisted between 480 and 600 ~ Similarly, a natural leucite from the Leucite Hills, Wyoming (containing excess SiO2 and ironleucite molecule; Carmichael, 1967) , showed a region of coexistence between 460 and 560 ~ In both cases the change in proportion of phases was rapid for each increase in temperature and the inversion was reversible with hysteresis of at least 20 ~ The indications are again that the coexisting phases are isochemical. All these characteristics are similar to those for the transformations in the (Sr, Ba)A1204 series and it seems that the leucite transformation is athermal and in fact, first order. This first order character is supported by the observation (Martin and Lagache, 1975 ) that solid solutions in the (K,Cs)A1Si206 and (Rb,Cs)A1Si20 6 series show displacements in the plots of room temperature cell volumes against composition. These displacements occur at the change from tetragonal to cubic symmetry in the two compositional series. In addition, samples close to these critical compositions at room temperature usually consisted of coexisting tetragonal and cubic phases. Martin and Lagache speculated that one phase could be metastable but also considered the possibility that both phases were stable and of different cation compositions. In fact, by analogy with the (Sr,Ba)Al204 system both phases could be isochemical with the region of coexistence being due to strain effects associated with the transformation.
It seems likely that the special characteristics found for the transformations in the (Sr,Ba)Al204 series, pure-Na nephelines, and leucites may be more common in silicates than we originally anticipated. Careful re-examination of many high-low displacive transformations (e.g. carnegieite) is necessary to establish this possibility. We expect that this study of the (Sr,Ba)A120 4 series will be invaluable in extending our work to the kalsilite series and other members of the nepheline group. lished data obtained by her students I. F. Mackay and A. P. Henderson. The work was supported by a grant from the Natural Environment Research Council.
